Primate lentiviruses including human immunodeficiency virus type 1 (HIV-1) and simian immunodeficiency viruses (SIVs) evolved through the acquisition of antagonists against intrinsic host restriction factors, such as tetherin. It is widely accepted that HIV-1 has emerged by zoonotic transmission of SIV in chimpanzee (SIVcpz), and that SIVcpz Nef protein antagonizes chimpanzee tetherin. Although Nef of SIVcpz shares a common ancestor with that of SIVrcm, an SIV in red-capped mangabey (Cercocebus torquatus), it remains unclear whether SIVrcm Nef can antagonize tetherin of its natural host. In this study, we determine the sequence of red-capped mangabey tetherin for the first time and directly demonstrate that SIVrcm Nef is the bona fide antagonist of red-capped mangabey tetherin. These findings suggest that SIVrcm Nef is the functional ancestor of SIVcpz Nef. Moreover, molecular phylogenetic analyses reveal that tetherins of the genus Cercocebus have experienced adaptive evolution, which is presumably promoted by primate lentiviruses.
S
o far, more than 40 primate lentiviruses (PLVs) including human immunodeficiency viruses (HIVs) and simian immunodeficiency viruses (SIVs) have been identified 1 . Understanding the evolutionary history of PLVs is one of the most important and interesting topics in the field of retrovirology. However, since PLVs have experienced multiple cross-species transmissions and complicated recombination, it is difficult to elucidate how genetic conflicts between the ancient PLVs and their respective host species resulted in evolution and diversification.
One way to approach this issue is to concentrate on the evolution and the diversity of specific accessory genes in PLVs. All PLVs identified so far encode 8 common genes: gag, pol, env, tat, rev, vpr, vif, and nef 2 . In addition, the PLVs in the HIV-1 lineage encode an additional accessory gene, vpu, whereas those in the HIV-2 lineage encode the other unique gene, vpx 2 . Interestingly, recent studies focusing on the interplay between viral and host proteins [3] [4] [5] have provided lines of evidence for supporting ''Red Queen hypothesis'' 6 or ''evolutionary arms race'', which is an important assumption proposed for the co-evolution of PLVs and their host species. For instance, the accessory proteins such as Vif, Vpx, Vpu, and Nef encoded by PLVs have been acquired and evolved their abilities to antagonize cellular anti-PLV restriction factors such as apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3G (APOBEC3G) 7 , SAM domain and HD domain 1 (SAMHD1) 8, 9 , and bone marrow stromal antigen 2 ([BST2], also known as tetherin, CD317, and HM1.24; hereinafter referred to as ''tetherin'') 10, 11 . Tetherin impairs the release of nascent viral particles from virus-producing cells 10, 11 . In contrast to APOBEC3G and SAMHD1, which are antagonized by single accessory proteins Vif and Vpx respectively, PLVs acquired diverse strategies to antagonize tetherin 5, 12 . For instance, in Old World monkeys (OWMs; the family Cercopithecidae) and hominoids (the family Hominidae), most PLVs including SIVcpz from chimpanzee (Pan troglodytes; CPZ), SIVgor from gorilla (Gorilla gorilla; GOR), SIVsm from sooty mangabey (Cercocebus atys; SM), and SIVmac from rhesus macaque (Macaca mulatta; RM) antagonize tetherins of their own hosts by their Nef proteins [13] [14] [15] [16] . On the other hand, vpu is encoded only in seven out of the more than 40 PLVs identified: SIVgsn from greater-spot nosed monkey (Cercopithecus nictitans), SIVmon from mona monkey (Cercopithecus mona), SIVmus from moustached monkey (Cercopithecus cephus), SIVden from Dent's mona monkey (Cercopithecus denti), SIVcpz, SIVgor, and HIV-1 from human (Homo sapiens; HU) 5 . Of note, certain vpu-encoding SIVs from OWMs (SIVgsn, SIVmon, SIVmus, and SIVden) and HIV-1 antagonize tetherins of their own hosts by their Vpu proteins 10, 11, 14, [17] [18] [19] . These findings strongly suggest that PLVs have adapted to their hosts by acquiring the anti-tetherin factors at each adaptation process, and therefore, that the relationship between tetherin and viral antagonists can be a clue to reveal the evolutionary diversification of PLVs.
It is widely accepted that two HIVs, HIV-1 and HIV-2, have respectively emerged from independent zoonotic transmission of SIVs to HU around 100 years ago [20] [21] [22] . HIV-1 has risen out of SIVcpz from CPZ to HU 23, 24 , while HIV-2 has resulted from zoonotic infection of SIVsm from SM 25 . Also, it has been estimated that SIVcpz has emerged by the recombination of two lineages of SIVs: SIVgsn/mon/mus and SIVrcm from red-capped mangabey (Cercocebus torquatus; RCM) 26 . Since SIVcpz Nef is phylogenetically similar to SIVrcm Nef, it seems conceivable that the ancestor of SIVcpz Nef is SIVrcm Nef 5, 14 . Moreover, because SIVcpz Nef is able to counteract CPZ tetherin 14 , it has been hypothesized that SIVrcm Nef is the antagonist of RCM tetherin 5, 27 . However, the sequence of RCM tetherin has not yet determined, and it remains unknown whether SIVrcm Nef is the bona fide antagonist of RCM tetherin. In this study, we determine the sequence of RCM tetherin for the first time and directly demonstrate that SIVrcm Nef counteracts antiviral activity of RCM tetherin. Moreover, phylogenetic analyses of 47 primate tetherin sequences reveal that tetherins of the genus Cercocebus including RCM and SM are under positive selection.
Results
Phylogeny reconstruction of 47 primate tetherins. In order to directly elucidate the interplay between SIVrcm Nef and RCM tetherin, we set out to determine the sequence of RCM tetherin. The sequencing analyses of genomic DNA isolated from six wildcaught RCMs 28, 29 revealed that five out of the six open reading frames (ORFs) of RCM tetherin were identical, while a RCM tetherin displayed a double peak at nucleotide position 60 (GAC or GAT; synonymous mutation). These results imply the presence of polymorphism in RCM tetherin.
As shown in Figure 1a , compared with the amino acid sequence of RCM tetherin, HU tetherin displayed the 5-amino acid deletion ( ) in the transmembrane domain, both of which are in line with the previous observations 13, 14, 17, 18, 27, 30 . The phylogenetic tree of 47 primate tetherins reconstructed by using maximum likelihood (ML) method (Figure 1b) revealed that the two RCM tetherins, which are newly sequenced in this study, are clustered with SM tetherins with stronger bootstrap support (87%), suggesting that RCM tetherin is most closely related to SM tetherin. Because only RCM and SM are the monkeys belonging to the genus Cercocebus among the 27 OWMs (the family Cercopithecidae; Table 1 ), this result is reasonable.
Positive selection detected in the evolution of primate tetherin. The nonsynonymous to synonymous rate ratios (dN/dS) inferred by using a free-ratio model in the PAML package are shown on the ML tree (Figure 1b) , which varied among the branches. Since a dN/dS value significantly greater than one is an indicator of positive selection, our result indicates that positive selection probably operated on the tetherin gene episodically during primate evolution. This result is consistent with that obtained in previous studies 31, 32 .
The two pairs of site models in PAML produced similar results and the result obtained from M7 (neutral model) versus M8 (selection model) comparison is shown in Figure 1c . The dN/dS ratio was significantly greater than one for full-length tetherin, cytoplasmic tail, and transmembrane domains. These findings indicate that the functionally important regions of tetherin have evolved under strong positive selection, which agreed with previous reports [31] [32] [33] . The site model analysis also identified three codons, 9, 14, and 17, to be under positive selection with posterior probability greater than 0.95 (Figure 1d) . Two of them, codons 9 and 14, were also detected by the random effects likelihood (REL) analysis implemented in the HyPhy package with Bayes factor greater than 50 ( Figure 1e ; these sites are also indicated with green asterisks in Figure 1a ). Although these two sites have been reported by a previous study in which 20 primate tetherins were analyzed 31 , our results further suggest that they may have experienced positive selection in the evolution of many primate lineages, because more primate tetherins were included in our analysis. Moreover, the codon 41, which has been reported to be a positively selected site in a previous study 31 , was detected in our analysis as well with posterior probability of 0.841 ( Figure 1d) .
Furthermore, the branch-site tests in PAML revealed that the likelihood ratio test was significant with P , 0.01 in the analysis of the Cercocebus clade, suggesting that positive selection has most likely operated on Cercocebus tetherins (Figure 1f ). On the other hand, no significant positive selection was detected for RCM clade, probably because only two highly similar sequences were included in this clade. In addition, the branch-site analysis identified six codons, 10, 14, 39, 93, 103, and 187, to be positively selected sites in the Cercocebus clade ( Figure 1f ; these sites are also indicated with pink asterisks in Figure 1a ), and three out of the six sites, 93, 103, and 187, are located in the extracellular domain. In this regard, it has been recently reported that human tetherin directly binds to immunoglobulin-like transcript 7 (ILT7), a cellular molecule specifically expressed on plasmacytoid dendritic cells, through its extracellular domain and modulates ILT7-mediated signaling leading to the production of type I interferons and proinflammatory cytokines 34 . Therefore, it is possible that these three sites may associate with the interaction of tetherin and ILT7 in the genus Cercocebus. Taken together, here we firstly demonstrated that Cercocebus tetherins have evolved under stronger positive selection and also identified six codons which may be functionally important.
Antagonism of RCM tetherin by SIVrcm Nef. We then assessed the interplay of RCM tetherin and SIVrcm Nef. Western blotting ( Figure 2a ) and TZM-bl assay ( Figure 2b ) revealed that increasing concentrations of CPZ, SM and RCM tetherins resulted in a dosedependent decrease in the release of nascent viral particles. We then investigated whether SIVrcm Nef has the ability to antagonize RCM tetherin. As shown in Figure 2a , the Nefs of SIVcpz, SIVsm, and SIVrcm did not affect the expression levels of tetherins and Gag (Figure 2a ), which is consistent with previous reports 16, 35 . Moreover, we revealed that the Nefs of 3 SIVrcm isolates, strains GAB1, NG411, and 02CM8081, enhanced virus release in the presence of RCM tetherin (Figures 2a and 2b) . These findings directly demonstrate that SIVrcm Nef is the bona fide antagonist of RCM tetherin, and further support the hypothesis that the antitetherin ability of SIVcpz Nef is originated from that of SIVrcm Nef.
In the cytoplasmic tail of Cercocebus tetherins, we found a novel positively selected site positioned at 10 (Arginine in RCM and SM tetherins; Figure 1a ) with posterior probability greater than 0.95 (Figure 1f ). In this regard, previous papers have reported that human tetherin but not OWM tetherins (e.g., RM and AGM tetherins) has the ability to induce NFkB-dependent proinflammatory signaling, and that certain amino acids in the cytoplasmic tail of human tetherin (Figure 1a this activity [36] [37] [38] . It is particularly noteworthy that the site 10 detected to be under positive selection in Cercocebus tetherin is located in this region and has the same amino acid (arginine) with that in human tetherin (Figure 1a ). This raises a hypothesis that Cercocebus tetherin has evolutionarily acquired this NFkB-mediated signaling capacity. To address this possibility, tetherin expression plasmids were cotransfected with an NFkB-luciferase reporter plasmid 39 and a vpu-deficient HIV-1-producing plasmid 40 into 293T cells. However, although we detected the induction of NFkB-mediated activation by human tetherin, Cercocebus tetherins including RCM and SM tetherins did not elicit this activity (Figure 3b) . Although a previous study has shown that CPZ tetherin partially induces this NFkB-mediated signaling 36 , this effect was not observed in our assay (Figure 3b ). This may be due to the addition of KGC tag at the Nterminus of tetherin in our study. These results suggest that an arginine residue at the site 10 is not associated with the gain-of-function to induce NFkB-mediated signaling.
Gain-of-function evolution of SIVcpz Nef. As described above, phylogenetic analyses has assumed that SIVcpz is the recombinant of two OWM SIV linages, SIVgsn/mon/mus and SIVrcm
26
. Consistent with previous reports 5, 14 , we confirmed that SIVcpz Nef is phylogenetically closer to SIVrcm Nef than SIVgsn, SIVmon, and SIVmus Nefs (Figure 4a) . We then directly evaluated the functional evolution process of SIV Nefs in terms of anti-tetherin ability. Although SIVcpz Nef efficiently antagonized CPZ tetherin, the The common name of each primate is identical to that in Figure 1B . counteraction efficacy of OWM SIV Nefs including SIVsm, SIVrcm and SIVgsn/mon/mus was significantly lower than that of SIVcpz Nef (Figures 4b and 4c) . These results suggest that the difference in anti-tetherin activity ( Figure 2) is not related to Nef but is due to the differences between RCM and CPZ tetherins. On the other hand, it was of interest that SIVcpz Nef counteracted RCM tetherin in comparable to SIVrcm Nefs (Figures 4d and 4e ). Because SIVcpz Nef is able to antagonize RCM tetherin in addition to CPZ tetherin, these findings suggest that SIVcpz Nef has accomplished a gain-of-function during evolution.
Discussion
In this study, we have determined the sequence of RCM tetherin. In addition, we have demonstrated that RCM tetherin has the ability to impair the release of nascent viral particles and that SIVrcm Nef is the bona fide antagonist against RCM tetherin. Although the two concepts: (i) SIVrcm Nef counteracts RCM tetherin; and (ii) this ability is succeeded to SIVcpz Nef, have been proposed elsewhere 5, 27 , no direct evidence has been shown so far. Therefore, to our knowledge, this is the first report directly elucidating the interplay between SIVrcm Nef and RCM tetherin (Figure 2) . Moreover, we here firstly performed the phylogenetic analysis of primate tetherins with Cercocebus tetherins including SM and RCM tetherins and revealed that stronger positive selection occurred in the evolution of Cercocebus tetherins (Figure 1) .
To better understand the Red Queen dynamics in the co-evolution of PLVs and primates, our findings should be compared with the evolutionary interplay between Vpx and simian SAMHD1. To antagonize the anti-viral ability of simian SAMHD1, certain SIVs including SIVrcm degrade SAMHD1 by a viral protein, Vpx. In this regard, Etienne et al. have recently demonstrated that vpx, which is located at the recombination site of SIVrcm and SIVgsn/mon/mus, was lost during the emergence of SIVcpz and that SIVcpz does not possess any anti-CPZ SAMHD1 factor(s) 41 . When compared to the evolutionary interplay between SIV Vpx and SAMHD1, our findings on the relationship between SIV Nef and tetherin suggest that anti-tetherin ability was more crucial for PLVs, at least for SIVcpz, to adapt and expand in the new host because SIVcpz Nef has successfully inherited its anti-tetherin ability from SIVrcm Nef. Moreover, SIVcpz Nef has acquired the ability to antagonize CPZ tetherin without the loss of anti-RCM tetherin activity, indicating that SIVcpz Nef has made the way through a gain-of-function evolution (Figure 4 ). To our knowledge, here we demonstrated that SIVcpz Nef is able to antagonize OWM tetherin for the first time. Our findings can be a milestone to decipher the complicated co-evolutionary process between PLVs and primates. As described in the beginning of this paper, HIV-2 has resulted from the zoonotic infection of SIVsm from SM 25 , while SIVrcm in RCM is one of the ancestral viruses of SIVcpz giving rise to HIV-1 26 . These insights imply that the ancestors of these two HIVs have passed through the genus Cercocebus, namely SM or RCM. In this study, we firstly performed molecular phylogenetic analyses of primate tetherins with the genus Cercocebus and revealed that positive selection had operated on Cercocebus tetherins (Figure 1 ). Since it has been estimated that the genus Cercocebus has evolutionary diversified around 4-4.85 million years ago 42, 43 , the observed positive selection probably occurred after the divergence of the genus Cercocebus. In fact, a recent paper has suggested that PLVs had already existed at least 12 million years ago 44 . Therefore, it is plausible that a Nef-like protein encoded by ancient PLV(s) can be regarded as a selective pressure against Cercocebus tetherins. Moreover, it is of interest that the 2 types of genetic deletion in CCR5, CCR5D24 45 and CCR5D2
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, have been observed in the population of genus Cercocebus including RCM and SM, and that the homozygous mutants are resistant to CCR5-tropic SIV infections. To circumvent the restriction at the entry step of infection, some SIVrcm and SIVsm have acquired the ability to use alternative coreceptors for their infections presumably as a result of genetic conflict between viruses and hosts 45, 46 . Although SIVsm is nonpathogenic in SM, it is conceivable that the ancestors of the genus Cercocebus have been subjected to stronger selective pressure from pathogenic PLVs and that the genetic conflict between pathogenic PLVs and the genus Cercocebus, including ancient Nef and Cercocebus tetherins, might have occurred in their evolutionary history.
Methods
Sequencing PCR. Blood was collected from six wild-caught RCMs in Nigeria according to the Guide for the Care and Use of Laboratory Animals 47 under a NIAID Animal Care and Use Committee-approved protocol 28, 29 . RCM genomic DNA was isolated from cryopreserved peripheral blood mononuclear cells 28, 29 , and PCR was performed by using PfuUltra High Fidelity DNA polymerase (Agilent Technologies) and the following primers: 59-CAG CTA GAG GGG AGA TCT GGA TG-39; 59-CTC ACT GAC CAG CTT CCT GGG-39, which were used in a previous study 31 . The obtained PCR products (approximately 2 kb) were purified by gel extraction and directly sequenced by using BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems) with the two primers described above and the following 4 primers: 59-GGA CTT CAC CAG ACC CTG AA-39; 59-TTC AGG GTC TGG TGA AGT CC-39; 59-TCT CTC CTT TGC TCC CAA AA-39; 59-TTT TGG GAG CAA AGG AGA GA-39. The sequencing PCR was performed by using ABI Prism 3130 xl genetic analyzer (Applied Biosystems), and the data was analyzed by Sequencher v5.1 software (Gene Codes Corporation).
Phylogenetic analyses. The two RCM tetherins newly sequenced in this study (note that five out of the six analyzed RCM tetherin sequences were identical) was aligned with 45 primate tetherins (listed in Table 1 ) by using ClustalW implemented in MEGA5 48 . The resulting alignment was verified manually at amino acid level. Then the phylogenetic tree of 47 primate tetherins was reconstructed using both neighbour-joining (NJ) method 49 with MEGA5 and ML method with PhyML 50 . Since the two methods yield almost identical topology, the unrooted ML tree was used for further analyses.
The detection of positive selection was conducted as follows: first, to detect the positive selection across various primate lineages, two pairs of site models implemented in the PAML package v 4.7 51 were used to conduct the likelihood ratio tests: M1 (neutral model) versus M2 (selection model) and M7 (neutral model) versus M8 (selection model). The REL model in HyPhy was also employed to this analysis. Second, to calculate the dN/dS ratio of each primate tetherin, a free-ratio branch model in PAML was performed, which assumes an independent dN/dS ratio for each branch of the tree. Third, since we were particularly interested in whether the RCM and Cercocebus clades have evolved under positive selection, the branch-site model in PAML was further applied to our analyses. This model allows dN/dS ratio vary both among sites and branches, which is useful for detecting positive selection along a particular lineage or clade (pre-specified as foreground branches) with positively selected site identified 32, [52] [53] [54] [55] . We conducted two branch-site tests in which RCM and the Cercocebus clades were designated as the foreground branches, respectively. SIV Nef sequences were aligned by using ClustalW implemented in MEGA5 48 . The phylogenetic tree of SIV Nef was reconstructed using NJ method 49 with MEGA5.
Plasmid construction. To construct tetherin expression plasmids tagged with Kusabira green C (KGC) at N-termini, tetherin ORFs were inserted into the KpnIXhoI site of phmKGC-MC vector (Medical and Biological laboratories, Inc.). The ORFs of HU tetherin (GenBank accession number NM_004335), AGM tetherin (FJ943430), and mouse (Mus Musculus; MO) tetherin (NM_198095) were used in our previous report 18 . CPZ tetherin (XM_512491), GOR tetherin (GQ925926), RM tetherin (FJ943432), and SM tetherin (FJ864713), and RCM tetherin (AB907706, determined in this study) were generated by overlap extension PCR using artificially synthesized oligonucleotides (Greiner bio-one). The ORF of the 5 amino acid ( 14 GDIWK 18 )-inserted HU tetherin (designated ''HU 1 5aa'') was prepared by overlap extension PCR using HU tetherin expression plasmid as the template and the following primers: 59-GGG GTA CCC CCA TGG CAT CTA CTT CGT ATG-39; 59-TTT CTT CCA AAT GTC ATC CAT GGG CAC TCT GCA ATA-39; 59-GAT GAC ATT TGG AAG AAA GAC GGG GAT AAG CGC TGT-39; 59-CCG CTC GAG CGG ATC TCA CTG CAG CAG AGC GCT GA-39. To construct SIV Nef expression plasmids tagged with Hemagglutinin (HA) at the C-termini, HA was added at the Ctermini of Nef ORFs by PCR and the Nef-HA fragments were then inserted into the XbaI-MluI site of pCGCG-IRES-EGFP vector (kindly provided by Dr. Frank Kirchhoff) 56 . 57 as the template and the following primers: 59-TTA ATA CCT AGT CTA GAC TAG ATG GGA AAC AAA TGG TCA AAA AGT AGC-39; 59-TAG CGA CGC GTC GGC GAG ATC TCT AAG CGT AAT CTG GTA CGT CGT ATG GGT AGA TAT CGC AGT CTT TGT AGT ACT CCG GAT GC-39. To construct pNL4-3DvpuDnef (an HIV-1-producing plasmid with defects in vpu and nef), pNL43-Udel (a vpu-deficient HIV-1-producing plasmid, based on HIV-1 strain NL4-3 [M19921]; kindly provided by Dr. Klaus Strebel) 40 was digested with XhoI, blunted, and then self-ligated. The sequencing PCR was performed by using ABI Prism 3130 xl genetic analyzer (Applied Biosystems), and the data were analyzed by Sequencher v5.1 software (Hitachi).
Cell culture and transfection. 293T cells and TZM-bl cells (obtained through NIH AIDS Research and Reference Reagent Program) were maintained in Dulbecco's modified Eagle medium (Sigma) containing FCS and antibiotics. Transfection was performed by using Lipofectamine 2000 (Life Technologies) according to the manufacture's protocol. Various amounts of KGC-tagged tetherin expression plasmids (0, 20, 40, 80 ng) and pNL4-3DvpuDnef (1,500 ng) were cotransfected with or without the expression plasmids of SIV Nefs of their natural hosts (400 ng) into 293T cells. At 48 hours post-transfection, the culture supernatants and transfected cells were harvested and were respectively used for TZM-bl assay and Western blotting as described below.
Viral budding and Western blotting. The culture supernatant harvested at 48 hours post-transfection was centrifuged and then filtered through a 0.45-mm-pore-size filter (Milipore) to produce virus solution. The infectivity of virus solution was measured by TZM-bl assay as previously described 18, 19, 58 . Briefly, 10 ml of the virus solution was inoculated into TZM-bl cells in 96-well plate (Nunc), and the b-galactosidase activity was measured by using the Galacto-Star mammalian reporter gene assay system (Roche) and a 2030 ALBO X multilabel counter instrument (PerkinElmer) according to the manufacturers' procedure. Western blotting was performed as previously described 18, 19, 58 by using the following antibodies: anti-p24 polyclonal antibody (ViroStat), anti-KGC antibody (clone 21B10; Medical and Biological Laboratories, Inc.), anti-HA antibody (3F10; Roche), and anti-a-Tubulin (TUBA) antibody (DM1A; Sigma). For the virus solution, 500 ml of the virus solution was ultracentrifuged at 100,000 3 g for 1 hour at 4uC using a TL-100 instrument (Beckman). The pellet was lysed with 1 3 SDS buffer, and the lysate was used for SDS-PAGE/Western blotting. For the transfected cells, the cells were lysed with 1 3 SDS buffer, and the lysate was used for SDS-PAGE/Western blotting.
NFkB reporter assay. One hundred nanogram of either respective tetherin expression plasmid or parental empty vector (phmKGC-MC) was cotransfected with 25 ng of an NFkB-luciferase reporter plasmid (p55A2-Luc; kindly provided by Dr. Takashi Fujita) 39 , 250 ng of a vpu-deficient HIV-1-producing plasmid (pNL43-Udel; kindly provided by Dr. Klaus Strebel) 40 , and 125 ng of pUC19 plasmid into 293T cells. At 48 hours post-transfection, the cells were harvested and used for Western blotting and luciferase assay. Luciferase assay was performed as previously described 58 .
Statistical analyses. The data expressed as average with standard deviation (SD), and significant differences (P , 0.05) were determined by Student's t test.
